This paper presents a new current sharing control strategy for parallel-connected, synchronised three-phase DC-AC converters employing space vector pulse width modulation (SVPWM) without current sharing reactors. Unlike conventional control methods, the proposed method breaks the paths of the circulating current by dividing the switching cycle evenly between parallel connected equally rated converters. Accordingly, any inter-module reactors or circulating current control will be redundant, leading to reductions in system costs, size, and control algorithm complexity. Each converter in the new scheme employs a synchronous dq current regulator that uses only local information to attain a desired converter current. A stability analysis of the current controller is included together with a simulation of the converter and load current waveforms. Experimental results from a 2.5kVA test rig are included to verify the proposed control method.
I. INTRODUCTION
The parallel operation of voltage fed converters is commonly used in high power applications to increase the current handling capability of power electronic circuits. The technique is also widely employed to increase system efficiency, flexibility, and reliability [1] , [2] in aerospace and wind turbine applications, through providing essential redundancy. However, along with the obvious benefits offered by the parallel connection of converter circuits, such an arrangement gives rise to a number of concerns. Key amongst these is the problem of the circulating currents that flow in such systems. The term circulating current describes the uneven current sharing between various equally rated converter units. This leads to current distortion and unbalanced operation, which can damage the converters, as well as a general decline in overall system performance. Circulating currents are generated between parallel inverters unless they have uniform modulation [3] . Therefore, the reference modulating waveforms and carrier waveforms should have exactly the same amplitude, phase and frequency to avoid this problem. The physical parameters of the converters and the dead-time between the upper and lower switching signals in each converter leg should also be the same. However, this is not possible in practice. For this reason, current sharing control methods are necessary to limit the circulating current in parallel-connected converter systems.
In order to prevent or reduce the flow of circulating currents, a separate dc or ac power supply [4] - [6] or isolated ac sides via a transformer [7] - [9] can be used. These approaches will lead to increased system size and cost, and reduced efficiency (due to the extra core and copper losses when an isolation transformer is employed). An alternative approach is to utilize inter-module current sharing reactors on the output terminals of each inverter in order to provide a high impedance in the circulating current loop [10] , [11] . However, this option will not provide a solution to the flow of low frequency circulating currents and it adds considerably to the cost and size of the system.
Recent improvements in digital signal processing (DSP) controllers and advanced pulse width modulation (PWM) techniques have made it possible to directly connect the dc and ac sides of a converter with small passive components to reduce the circulating currents. A method for controlling the zero sequence circulating current (ZSCC) in a parallel-connected three-phase rectifier [12] has been proposed, where the ZSCC is calculated from the three-phase currents, and a PI controller is used to determine the interval time of the zero vectors so that the ZSCCs will be zero. However, the effectiveness of this technique diminishes when the zero vectors interval time becomes small [13] . An open loop compensation master/slave dual-modulator has also been proposed to mitigate the ZSCCs [14] in parallel connected converters. In this scheme, the zero sequence modulating waveform of the master converter is adopted by all of the slave converters, leading to a considerable reduction in the ZSCC. However, like all master/slave schemes, this approach has a low reliability and is susceptible to failure. Coordinate control has also been suggested for parallel-connected three-phase boost rectifiers [15] to control the flow of ZSCCs. In this strategy, the line current symmetrical components are calculated for all of the converters. The zero and negative sequence currents are then eliminated by using simple PI controllers, while the positive sequence line current components are controlled for even load sharing. This approach is highly effective in terms of circulating current mitigation. However, a very heavy computational capability is required for its implementation. This paper presents a new control method for parallel-connected, synchronised three-phase DC-AC converters based on time sharing of the converter switching cycle that minimises the paths of the converter circulating currents. The switching cycle is divided equally between the parallel connected converters to break the path of the converter circulating current. This eliminates the need for current sharing reactors and circulating current control algorithms. Although the proposed current sharing control method is applicable to ac drive applications, in this study it was decided for the sake of simplicity to examine the performance of the current controller with an RL load since the main objective is the removal of the current sharing reactors. Simulation results showing the basic operation of the scheme have already been published [16] . In this paper, the concept is extended to provide decoupled d-axis and q-axis current regulation (needed for vector controlled machine drives and grid connected applications). The performance of the proposed control strategy is experimentally verified using a 2.5kVA test rig.
For commercial implementation of the proposed scheme, each converter should have independent but synchronised control hardware. However, for the sake of convenience, the test rig described in this paper executes both controllers in one TMS320F28335 DSP microcontroller. 
II. PROPOSED CURRENT CONTROL METHOD
To minimize the circulating current paths, the switching cycle in the proposed control strategy is divided evenly between the equally rated converters, i.e. for n parallel connected converters, each converter is active for only 1 ¤ n of a switching cycle. In this case, most of the circulating current paths are broken, thus eliminating the need for current sharing reactors which are normally employed on the output of each converter. This reduction in the circulating current paths also removes the need for a separate current sharing controller within the converter control loop.
The three-phase converter currents are measured during the part of the switching cycle in which the converter is active.
These current measurements are supplied to a synchronous dq frame current regulator, as shown in Fig. 2 . Two PI controllers are employed to control the direct (i d ) and quadrature axis (i q ) currents separately. The difference between the demanded and measured current values is supplied to the PI controllers, whose outputs are then transformed back to the stationary αβ frame. Polar representation is then used to produce a desired modulation index (M) and angle (ϑ) for each converter.
The nature of the proposed control method means that the stray inductance in the current transfer paths from one converter to another must be minimised in order to minimise the current overlap periods and to avoid large dv/dt values since the current is shared between the two converters. In practice this means that the two converters must be closely matched in terms of their physical arrangements and care must be taken to reduce cable lengths and other sources of inductance in the circuit.
III. STABILITY ANALYSIS AND DETERMINATION OF THE PI CONTROLLER GAINS
To optimize the PI controller gains of a sampled data system in the continuous time domain, it is necessary to determine an equivalent continuous time model that considers the delay time (T d ) produced by the sampling process and the algorithm computation time [18] , [19] . The design objective in such an exercise is to maximizes the controller gains (K p and K i ) with the desired phase margin (ϕ m ) while the forward path open loop gain tracks through unity [20] .
It has been proven [21] that the exact same gain settings can be used regardless of whether a synchronous dq frame current regulator, a stationary frame proportional resonant (PR) regulator or a classical stationary frame PI controller is used. Performing an analysis for a stationary reference PI current regulator (for the sake of simplicity), the average value model, including the effects of the delay time, is shown in Fig. 3 . The PWM converter is modelled as a linear gain (k b =V dc /√3, the magnitude of the fundamental phase voltage when SVPWM is used), and the delay is represented by an exponential function (   ) in the forward path. For ac drive applications, the performance of the PI current regulator can be enhanced if the back emf is estimated and added to the command modulation depth reference signal after the PI compensator output as a feedforward compensation, as detailed in [21] . For the sake of simplicity, only an RL load is considered in this paper. The PI compensator transfer function G c (s) can then be expressed as:
In addition, the open loop transfer function G(s) can be expressed as: where R and L are the load resistance and inductance, respectively. The phase angle of G(s) at the cross over frequency ω c (i.e. the frequency at which a unity gain occurs at the desired phase margin ϕ m ) is given by:
The term          can be approximated by π/2 since (ω c L/R) ⟫ 1. Thus, from the last equation:
This yields:
From (6), the maximum value of ω c that can be obtained for a given ϕ m is:
By setting the open loop gain to unity at ω c(max) , the maximum possible magnitude of K p can be calculated as:
since (ω c(max) K p )⟫ K i and (ω c(max) L / r) ⟫ 1 for typical AC current regulated systems [20] . The integral gain can now be obtained so that the assumption         ⁄  ≈ /2 is validated by using a suitable value for the integral gain such as:
By using the system parameters L=10mH, R=10Ω, K b =115.47V, and T d =250ms (corresponding to a delay in the forward control path of the three PWM switching periods introduced by the sampling and updating process), with a suitable phase margin of ϕ m =40˚ for satisfactory control performance, the controller gains are calculated as K p =0.3 and K i =105. To verify the design of the controller, a bode plot of the open loop transfer function is shown in Fig. 4 . The design is further confirmed with the closed loop step response shown in Fig. 5 . The maximum gains settings can be applied to a stationary PR current regulator and by association to a synchronous dq frame regulator as detailed in [20] .
IV. SIMULATION RESULTS
The performance of the proposed control strategy was examined using a MATLAB/SIMULINK model. The fundamental and switching frequencies were set to 50Hz and 6kHz, respectively. A dc link voltage of 200V was assumed to give an ac line voltage of 110V with a modulation index of 0.8. To simulate the cable impedance, a 5mΩ resistance in series with a 1µH inductance were employed on the output lines of each converter. A schematic diagram of the circuit under consideration is shown in Fig. 6 .
The switching cycle is divided equally between two equally rated converters with the first converter being activated during the first half and the second converter during the second half of the switching cycle. Fig. 7 shows the gate signals for all twelve switches of the two inverters for operation in the first sector of the SVPWM scheme, with the switching periods, T 1 , T 2 , and T 0 , calculated using equation (10) . The converter switches are supplied with zero logic states for the periods during which the converter is deactivated.
To confirm the redundancy of the current sharing reactors and circulating current control, two operating conditions were simulated. In the first test, two converters with different parameters were employed. The first converter had the physical parameters listed in Table I , while the parameters of the second converter were reduced by 30%. In addition, the dead time for the second converter was decreased by 20% to introduce an additional significant imbalance to the system. Fig. 8 shows the converter and load current waveforms when the conventional SVPWM control strategy is adopted for the two converters with no inter-module reactors. It can be seen very clearly that the converter current waveforms are significantly distorted with very high uncontrollable current spikes reaching values of up to 80A. Clearly such an arrangement would not be possible in practice since the current spikes would almost certainly cause serious damage to the converters. In the second test, the proposed control method is activated with the exact same parameter and dead time settings as the first test and again with no inter-module reactors. Using the PI gains calculated above (K p =0.3 and K i =105), the system waveforms are presented for both the steady state and transient operating conditions. A step change in the desired q-axis current from 2A to 4A is applied at t = 0.1sec, while the d-axis current is controlled to zero. Fig. 9 shows how the two converters share the current evenly during both the transient and steady states conditions. The q-axis load current is successfully controlled to the desired values, as shown in Fig.  10 .
V. EXPERIMENTAL VALIDATION
An experimental test rig comprised of two parallel DC-AC converters was designed and constructed to validate the operation of the proposed control strategy. Six discrete IGBTs (IRG7PH35UD1PbF) were employed in each 1.25kVA inverter implementation. A three-phase inductive load was constructed using three single-phase resistors and inductors connected in series (10Ω+10mH). The control algorithm was implemented using one TMS320F28335DSP microcontroller. Fig. 11 shows a photograph of the experimental test rig, including the two converters and the DSP microcontroller board.
The DSP timers were configured to create a triangular output with a frequency of 12kHz. This triangular output is used for PWM generation and ADC converter synchronization. The ADCs for each converter are activated once every two carrier cycles. After reading all of the demanded and measured current values, the desired duty cycle is calculated and then updated. The sampling and calculation process introduce a delay of 3 carrier periods (i.e. 250ms) in the forward control path.
The calculated optimum PI gains (K p =0.3 and K i =105) were used again to obtain the system waveforms shown in Fig. 12 . A step change in the desired q-axis current from 2A to 4A was applied, while the d-axis current was controlled to zero. The figure shows the converter and load current waveforms when the proposed control method was adopted. It is clear that the two converters share the load current evenly during both the steady state and transient conditions. The rms values of the two experimental converter currents were measured at 1.52A and 1.50A (Fig. 12) . Load current data was collected from an oscilloscope using a sampling frequency of 625 kHz. It was then transferred to the Simulink environment were a FFT analysis was implemented. The harmonic spectrum of the load current is shown in Fig. 13 . The figure includes a THD value of 3.12% calculated from the measured harmonic data. The q-axis load current transient response is depicted in Fig. 14. 
VI. CONCLUSIONS
A new computationally efficient, current sharing controller for directly paralleled, synchronised three-phase DC/AC converters has been proposed in this paper. This controller eliminates the need for inter-module reactors and/or a separate circulating current controller. A stability analysis of the new controller is also presented. The proposed method divides the operating time equally between the parallel connected converters. As a result, the circulating current paths are eliminated and the connection of inter-module reactors becomes unnecessary, leading to big advantages in terms of the size and cost of the system. Based on local information, each converter uses only one dq synchronous frame current regulator to attain a desired current. The proposed current sharing strategy can lead to high values of the converter dv/dt if care is not taken to ensure that the stray inductance paths are minimised. The performance of the proposed controller is simulated and experimentally evaluated using a test rig comprised of two parallel connected 1.25kVA three-phase voltage fed converters.
